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The present study assessed the functional responses of two predatory ephemeral pond specialist copepods, Lovenula ray-
nerae and Paradiaptomus lamellatus towards their natural prey Daphnia longispina. Lovenula raynerae exhibited an elevated
overall functional response compared with that of P. lamellatus. In addition, L. raynerae exhibited a Type II functional
response whereas a weak trend towards a Type III response was found for P. lamellatus. Differences in predator hatching
phenology may, therefore, have implications for daphniid population persistence during a pond’s hydroperiod. This is
pertinent in that predation pressure in the early hydroperiod phase of ephemeral ponds is largely provided by hatch-
ing predatory copepods.
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Predation pressure can significantly influence zooplankton
prey and, as such, in many aquatic environments, preda-
tion is considered an important factor regulating zooplank-
ton communities (Lynch, 1979; Neill, 1990; Wahlstrom
and Westman, 1999; Hooff and Bollens, 2004). In epheme-
ral aquatic environments, however, aquatic community
and trophic dynamics are atypical, as these small internally
drained systems dry up completely for a period of time and
are therefore contingent on an import of aquatic organisms
from other environments or hatching of dormant eggs by
certain groups (Brendonck and De Meester, 2003; O’Neill
and Thorp, 2014).
During their wet phases, also known as the hydro-
period, ephemeral ponds can contain large abundances
of zooplankton and invertebrates (Simmons et al., 1999;
O’Neill and Thorp, 2014). Zooplanktonic crustaceans
hatching from dormant eggs in the sediment often dom-
inate these systems, particularly during the initial hydro-
period phases (Brendonck and De Meester, 2003; O’Neill
and Thorp, 2014). Predatory hexapods then invade
ephemeral ponds over time and predation pressure is
largely imported into these systems (O’Neill and Thorp,
2014). However, some of the hatching copepods are also
predatory (Day et al., 2001; Suarez-Morales et al., 2015),
and are therefore potentially important drivers of trophic
dynamics in ephemeral ponds in their early hydroperiod
phases (Brendonck and De Meester, 2003). As there is
often more than one predatory species that emerges from
dormant eggs in these systems (Day et al., 2001; Suárez-
Morales et al., 2015), differences in hatching phenology
of these species can have implications for the prey. The
present study, therefore, aimed to assess predator–prey
interactions among key pioneer zooplankton species
inhabiting ephemeral aquatic habitats.
In the Eastern Cape of South Africa, the pioneer crust-
acean community is numerically dominated by copepods
and daphniids which hatch from dormant eggs in the
early hydroperiod stages. The dominant copepod species
in these systems are Lovenula raynerae Suárez-Morales et al.,
2015 (Suárez-Morales et al., 2015) and Paradiaptomus lamel-
latus Sars, 1895 which belong to the Paradiaptominae, an
African arid, temporary-water adapted subfamily (Day
et al., 2001). Both copepod species are large and predatory,
using their raptorial maxillipeds to capture prey (Day et al.,
2001), with daphniids comprising an important compo-
nent of their diet (Dalu et al., in press). Using a functional
response approach, we assessed predator–prey interac-
tions between each of the two copepods and a model
prey species Daphnia longispina Müller, 1867 which occurs
in the same environments.
The functional response is the relationship between prey
density and per capita predator consumption (Holling,
1959), and predatory functional responses can take on
fundamentally different forms. Type II responses, for
example, de-stabilize prey populations as high propor-
tions of prey are consumed when at low densities, with
implications for local prey extinction (Hassell, 1978). In
contrast, sigmoidal Type III responses are considered to
be more stabilizing as prey mortality risk decreases at low
prey densities, providing prey with a low-density refuge
(Hassell, 1978). The functional response approach there-
fore provides insight into how prey populations may be
regulated by predators (Abrams, 1990). The aim of this
study was to contrast the functional responses of L. raynerae
and P. lamellatus towards their mutual prey D. longispina.
Little information is available on the ecology of austral
ephemeral ponds, with almost no published information
available on phenological and trophic aspects of zooplank-
ton ecology. The present study therefore provides valuable
information on predator–prey relationships among major
components of early stage ephemeral pond food webs.
Lovenula raynerae, P. lamellatus and D. longispina were all
collected from a 40.5-m long, 38.5-m wide, 24-cm deep
ephemeral pond in the south-eastern temperate region of
South Africa (338150S, 268260E). Samples were collected
during daylight hours, on 18 November 2014, approxi-
mately 2 weeks after the pond filled, by towing a 57-cm-
diameter, 200-mm mesh size zooplankton net horizontally
through the surface water. At the time of collection, the
water temperature in the shallow well-mixed pond ranged
between 21 and 238C. In the laboratory, the three species
were sorted into separate aquaria (46  23  31 cm)
filled with filtered (strained through 20-mm mesh sieve)
water from the collection site, in a temperature-controlled
(22+ 0.58C) environmental room (12 : 12 h light:dark
photoperiod cycle). All three species were acclimated
for a period of 7 days prior to experimental trials. Daphnia
longispina were fed ad libitum on an algal culture of
Cryptomonas curvata for the duration of the acclimation
period and in the same way L. raynerae and P. lamellatus
were fed on D. longispina for the first 5 days of acclimation
and starved for the last 48 h.
Experiments were conducted in aerated circular poly-
ethylene containers (66 mm diameter) filled with 250-mL
filtered water from the collection site, placed in tempera-
ture-regulated water baths (22+ 0.18C). Individual male
L. raynerae (3.8+ 0.2 mm) and P. lamellatus (2.6+ 0.1 mm)
were each presented with D. longispina at seven prey dens-
ities (2, 4, 6, 8, 10, 15 and 20 individuals, n ¼ 6 per prey
density). Containers were stocked with the D. longispina
(length 1.5+ 0.2 mm) prey 6 h prior to the introduction
of the predator which, once stocked, fed undisturbed for
18 h (12 : 6 h light:dark photoperiod). At the end of each
trial, samples were collected in a 60-mm mesh sieve and
the prey counted under a dissecting microscope at 12
magnification. Similar procedures were employed for
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controls at the same prey densities (n ¼ 4), but with no
predators.
All statistical analyses were undertaken in R (R
Development Core Team, 2014). Functional response types
were determined via logistic regression. A significantly
negative first-order term suggests a Type II response,
whereas a significantly positive first-order term, followed
by a significantly negative second-order term, suggests a
Type III response ( Juliano, 2001). In addition, owing to
weak density effects on proportional consumption by P.
lamellatus, locally weighted regression examined proportion-
al trends to further evidence functional response types.
Functional responses were fitted using a flexible model that
incorporates a scaling exponent (q) to allow for a con-
tinuum of shapes between types I, II and III to be defined
(Real, 1977; Barrios-O’Neill et al., 2015).
Ne ¼ N0ð1 expðbN q0ðhNe  T ÞÞÞ
where Ne is the number of prey eaten, N0 is the initial prey
density, b is the search coefficient, h is the handling time, q
is the scaling exponent and T is the total time available.
Where q ¼ 0, Type II functional responses occur, and
where q . 0, functional responses become increasingly
Type III in form. Raw data were non-parametrically boot-
strapped (n ¼ 2000) and the flexible model equation was
applied to each new dataset to form 95% confidence inter-
vals around functional response curves. For P. lamellatus,
equivocal evidence of type necessitated Akaike information
criterion (AIC) comparisons between fitted functional re-
sponse models.
As control D. longispina had 100% survival in all repli-
cates, experimental deaths were attributed to consump-
tion by the predatory copepods, which was also directly
observed. Logistic regression indicated a clear Type II re-
sponse for L. raynerae towards D. longispina prey (Table I;
Fig. 1); therefore, the scaling coefficient q was fixed at 0
for functional response analysis. The results for P. lamella-
tus were partly equivocal with a weak trend towards a
Type III response identified (Table I). However, AIC also
demonstrated that, although Type II and III models were
competitive, the Type III model minimized information loss
(100.99 and 102.89). A Type III response was further evi-
denced in locally weighted regression fits—with initially in-
creasing proportional consumption (Fig. 1). On account of
the weak trend for a Type III response, and the criticality of
functional response shape, the scaling coefficient was fixed
at the initial maximum likelihood estimate. Bootstrapping
subsequently operated on the parameters b and h.
Estimates for the parameters b, h and q (in the case of
P. lamellatus) were returned for L. raynerae and P. lamellatus
(Table I). At no point along the range of prey densities
did the functional responses of the two species overlap,
indicating significant differences between the predators
(Fig. 2). This was further shown by the increased search
coefficient and reduced handling time of L. raynerae
towards prey in comparison with P. lamellatus. As q . 0 in
P. lamellatus, the functional response can be described as
moving towards a Type III response (Table I; Fig. 2)
(Barrios-O’Neill et al., 2015).
Table I: Logistic regression and parameter
estimate results showing (a) logistic regression
outputs of the proportion of prey killed against
initial prey density whereby analyses were
determined for Type II and III responses for
both predatory copepods, and (b) parameter
estimates returned from fitting the flexible
functional response model
Lovenula raynerae Paradiaptomus lamellatus
(a) Logistic regression
Type II response
1st term 20.07710 20.00756
P value ,0.001 0.745
Type III response
III—1st term 20.06961 0.21046
P value 0.483 0.119
III—2nd term 20.00030 20.00866




q Fixed at 0 0.5042
As Lovenula raynerae returned a Type II response in logistic regressions, q
was fixed at 0. Parameter estimates for the search coefficient b, handling
time h and scaling coefficient q are presented.
Fig. 1. Proportion of prey consumed against initial prey density with
locally weighted regression lines for Lovenula raynerae (filled circles; solid
line) and Paradiaptomus lamellatus (unfilled circles; dashed line).
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Copepods are present in most aquatic environments
and have been shown to exhibit all types of functional
responses (Jeschke, et al., 2004). It has previously been
suggested that freshwater copepods usually exhibit Type I
functional responses, whereas marine copepods typically
exhibit functional response Types II and III (Paffenhöfer
and Stearns, 1988; Hooff and Bollens, 2004; Jeschke,
et al., 2004). The freshwater copepod species in our study,
however, contrast this trend. Lovenula raynerae and P. lamel-
latus exhibited Type II and Type III functional responses,
respectively. This is likely an aspect of the predatory
nature of the copepod species under investigation. In
their review, Jeschke et al. (Jeschke et al., 2004) suggested
that Type I functional responses are restricted to filter
feeders as they have negligible handling times and search
for food at maximal rates with maximal effort. In con-
trast, predatory copepod handling and satiation condi-
tions are the opposite, whereby prey is handled for longer
periods and gut passage time is potentially longer, thus
facilitating Type II and Type III functional responses
(Jeschke et al., 2002, 2004).
The most significant finding in our study is that the mag-
nitude of L. raynerae functional response was much greater
than that of P. lamellatus. In addition, the type of functional
responses differed between the two species, and whereas
the P. lamellatus functional response type (Type III) was
somewhat equivocal, the differences in type between the
species were sufficient enough to report as such. Lovenula
raynerae exhibited a Type II functional response, a response
considered to have implications for prey population per-
sistence as high proportions of prey are consumed when at
low densities potentially resulting in local prey extinction
(Hassell, 1978). In contrast, P. lamellatus exhibited a (weak)
Type III response, revealing that prey mortality risk
decreases at low prey densities with stabilizing implications
for prey population (Hassell, 1978). These results, there-
fore, suggest that trophic dynamics in the pioneer crust-
acean communities can have implications for food
available to invading predators that arrive at a later
period. Should L. raynerae emerge in greater numbers, or
before P. lamellatus, daphniid numbers are likely to be
largely reduced (as a result of the magnitude of the func-
tional response), or potentially even reduced to local ex-
tinction (given differences in overall functional response
type) more rapidly than if the opposite was to occur.
Given that ephemeral ponds experience a period of
complete desiccation, L. raynerae and P. lamellatus are reliant
on dormant egg production for population persistence,
as is typically the case for ephemeral pond crustaceans
(Brendonck and De Meester, 2003). However, the environ-
mental conditions necessary for stimulating the hatching
of dormant eggs often vary among species (Wyngaard,
1988; Spencer and Blaustein, 2001; Brendonck and De
Meester, 2003). It has, however, not been determined
whether subtle differences in environmental cues have
implications for L. raynerae and P. lamellatus emergence as
there is no autecological information on either of these
species. The results of the present study suggest, however,
that if there were differences in time of first emergence
between the two species, this would likely have implica-
tions for the duration of daphniid population persistence.
Predator hatching phenology may, therefore, have implica-
tions for the quality of ephemeral ponds as foraging
patches for macroinvertebrates and vertebrates that
regularly utilize these habitats when they are available
(Simmons et al., 1999; O’Neill and Thorp, 2014).
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